BACKGROUND: To determine if a key marker of socioeconomic status, maternal education, is associated with later neurocognitive and academic outcomes among children born extremely preterm (EP). METHOD: Eight hundred and seventy-three children born at 23 to 27 weeks of gestation were assessed for cognitive and academic ability at age 10 years. With adjustments for gestational age (GA) and potential confounders, outcomes of children whose mothers had fewer years of education at the time of delivery and children whose mother advanced in education between birth and 10 years were examined. RESULTS: Children of mothers in the lowest education stratum at birth were significantly more likely to score ≥ 2 SDs below normative expectation on 17 of 18 tests administered.
Children of mothers who advanced in education (n = 199) were at reduced risk for scoring ≥ 2 SDs on 15 of 18 measures, but this reduction was statistically significant on only 2 of 18 measures. CONCLUSION: Among EP children, socioeconomic disadvantage at birth, indexed by maternal education, is associated with significantly poorer neurocognitive and academic outcomes at 10 years of age, independently of GA. Maternal educational advancement during the child's first 10 years of life is associated with modestly improved neurocognitive outcomes.
N eurocognitive deficits and learning difficulties are the most common impairments among individuals born preterm (1, 2) , and their severity increases with decreasing gestational age at birth (3) (4) (5) . Lower household socioeconomic status (SES), itself a risk factor for prematurity (6, 7) , is also associated with poorer cognitive outcomes among those born preterm (8) (9) (10) (11) (12) (13) . Markers of social advantage and disadvantage, such as household income and parental education, are understood as not only affecting neurocognitive outcomes directly but also via the multitude of pre-and and postnatal physical and psychosocial environmental factors with which they are associated (14) (15) (16) .
Increased biological risk among infants born earlier than 28 weeks of gestation, and most vulnerable to medical complications and neurological damage, may limit the influence of environmental factors on developmental outcomes (1, 15, (17) (18) (19) . Thus, the extent to which the effects of social disadvantage generalize to children born extremely preterm is unclear (10) . In addition, it is not known whether improvement in the family's socioeconomic circumstances during the child's first decade of life is associated with better cognitive outcomes of children born extremely preterm.
In the present study, we examined to what extent household SES at birth was associated, independently of gestational age, with neurocognitive and academic deficits at age 10 years in the prospectively followed Extremely Low Gestational Age Newborns (ELGAN) cohort of children born at 23 to 27 weeks of gestation. We focused primarily on maternal educational status as a proxy measure of SES (7), which was strongly associated with household income in the ELGAN cohort, as measured by eligibility for public (government-provided) health insurance (i.e., Medicaid) (20) . We examined associations between maternal educational status at delivery and children's neurocognitive and academic outcomes at age 10 years, adjusting for weeks of gestational age as well as other possible confounders, including fetal growth restriction (11), maternal intelligence quotient (IQ) (21) , and minority ethnic/ racial status (14) . In addition, we assessed associations between advances in educational attainment, which occurred for a substantial proportion of mothers (n = 199) in our prospectively followed cohort, and children's 10-year outcomes.
METHODS

Participants
The ELGAN study is a multicenter observational study designed to identify characteristics and exposures associated with increased risk of structural and functional neurologic disorders in extremely preterm infants (22) . During the years 2002-2004, women delivering before 28 weeks of gestation in 11 cities in 5 states were asked to enroll in the study. One thousand two hundred and forty-nine mothers of 1,506 infants consented to participate. Of the 1,198 children who survived to 10 years of age, 966 were actively recruited for follow-up (because of the availability of blood samples collected during their first postnatal month) and 889 (92%) agreed to participate. Of these 889 children, 11 did not accompany the parent or caregiver during the follow-up visit, and 5 did not cooperate with the child assessment, leaving a final sample of 873 children. Procedures for this study were approved by the institutional review boards of the participating institutions.
Maternal and Newborn Characteristics
Maternal education, eligibility for public health insurance, age, marital status, and racial and ethnic identity were self-reported. To approximate the heritable component of child IQ, maternal IQ was assessed with the Kaufman Brief Intelligence Test-2 (KBIT-2) (23) nonverbal subscale at the 10-year visit.
Gestational age (GA) estimates were based on a hierarchy of the quality of available information: dates of embryo retrieval or intrauterine insemination or fetal ultrasound before the 14th week (62%) followed by fetal ultrasound at 14 or more weeks (29%), last menstrual period without fetal ultrasound (7%), and GA recorded in the neonatal intensive care unit log (1%). Fetal growth restriction was defined as birth weight Z-score below − 2, i.e., 2 SDs below the median weight of infants at the same GA in a referent sample not delivered for preeclampsia or fetal indications (22) .
Supplementary Table S1 (online) compares the maternal and child characteristics of children who did and did not participate in the 10-year follow-up evaluation. From among the 1,198 children who survived to 10 years of age, those who did not participate (n = 309) were more likely to have indicators of social disadvantage, including lower maternal education and receipt of public health insurance, but did not differ from those who participated with respect to newborn characteristics, including sex, gestational age, and birth weight Z-score.
Procedures at Age 10 years
Test measures were selected to provide the most comprehensive information about neurocognitive and academic function in one 4-h testing session (including breaks) to maximize participation and data collection. The parent or caregiver completed questionnaires regarding the child's medical and neurological status.
Sensorimotor Status at Age 10 years
Severe gross motor dysfunction was defined as Level 5 (i.e., no selfmobility) on the Gross Motor Function Classification System (24) . A child was considered to have severe visual impairment if the parent reported uncorrectable functional blindness in both eyes. No participant had a significant, uncorrected hearing impairment.
Neurocognitive and Academic Ability at Age 10 years Neurocognitive and academic achievement assessments were based on well-validated tests with recently standardized scores allowing comparison to US population norms.
General cognitive ability. General cognitive ability (or IQ) was assessed with the School-Age Differential Ability Scales-II (DAS-II) (25) Verbal and Nonverbal Reasoning Scales. The DAS-II has several advantages for characterizing the wide range of IQ in a preterm sample, including more sensitive basal items than other IQ scales and extended standard scores (down to 31).
Language ability. Expressive and receptive language skills were evaluated with the Oral and Written Language Scales (26) , which assess semantic, morphological, syntactic, and pragmatic production and comprehension of elaborated sentences.
Executive function. Attention and executive function were assessed with the DAS-II and the NEPSY-II (27 
Data Analyses
We evaluated the null hypothesis that maternal educational level at the time of delivery and maternal educational advancement (any time after delivery) are not associated with poorer neurocognitive or academic function among ELGANs assessed at 10 years of age. To compare the test performance of ELGANs to normative expectation, we converted children's test scores to Z-scores using the normative means and SDs for each subtest.
To examine associations among SES-related maternal variables and newborn characteristics (Po0.10), we used Fisher's exact tests, except in the case of maternal education and IQ, for which a Pearson's χ 2 test was used because of the large number of cells. To examine associations between maternal education at delivery and child neurocognitive and academic outcomes at age 10 years, we used multinomial logistic regression to compare the children of mothers who had ≤ 12 years (high school or less) and 412 but o16 years (some college or secondary school education) to those of mothers with ≥ 16 years (bachelor's degree or higher) of education, the referent group. We estimated the odds ratios (ORs) of having a test score 2 or more SDs and between 1 and 2 SDs below the normative mean, adjusting for minority ethnic/racial status, maternal IQ (KBIT-2 Z-score ≤ − 1), male sex, GA (23-24 and 25-26 weeks), and birth weight Z-score o − 1, while also accounting for the correlations between children from the same pregnancy.
To examine the associations between mothers' educational advancement and children's neurocognitive outcomes, we added a term for advance of maternal education after the child's birth to the model described above. The ORs for this term permitted us to assess whether a mother's receipt of additional education reduced the likelihood of cognitive and academic deficits for her child.
We did not adjust for eligibility for public health insurance in the models described above because, as an alternative proxy measure of SES, it was strongly associated with maternal educational status (P ≤ 0.0005). However, we did conduct supplemental analyses to Articles | Joseph et al. assess the relationship between household eligibility for public insurance (i.e., Medicaid) at delivery with children's 10-year outcomes. We did not conduct analyses of the effects of change in public health-care insurance status because the expansion of Medicaid eligibility under the US Affordable Care Act in 2010 made it an uninterpretable measure of change in household income.
RESULTS
Sample Characteristics
Of the 873 children in the final sample, 21% (n = 180) were born at 23-24 weeks GA, 45% (n = 395) at 25-26 weeks GA, and 34% (n = 298) at 27 weeks GA ( Table 1) . Demographic characteristics associated with delivery before 27 weeks gestation were maternal education ≤ 12 years (P = 0.007) and mother's minority ethnic/racial identification (P = 0.087). Boys were more likely than girls to be born at 23-24 weeks GA (P = 0.045). Severely growth-restricted (birth weight Zscore o − 2) infants were the least likely to be born at 23-24 weeks GA (P ≤ 0.001) (5) . Of the 873 participants, 17 (1.9%) had severe motor impairment, 7 (0.8%) functional blindness, and 2 (0.2%) had both severe motor impairment and functional blindness. Participants not able to obtain a basal score on any given test because of severe cognitive impairment were assigned a floor score for that test. Of the 26 children with severe motor or visual impairment, 17 did not achieve basal scores on any test, and 2 obtained basal scores on some but not all measures. Of children without severe motor or visual impairment, 12 did not achieve basal scores on any test, and 9 on only some tests. In sum, a total of 29 children were assigned floor scores on all tests, and 11 were assigned floor scores on some tests.
Maternal educational status was distributed as follows: Mothers with ≤ 12 years of education were more likely (63%) to be eligible for public health insurance than mothers who had 412, but o16 years (32%) and mothers who had ≥ 16 years (5%) of education (P ≤ 0.0005). Lower maternal education was also associated with identification as non-white or Hispanic (P ≤ 0.0005), lower maternal age (P ≤ 0.0005) and single marital status at delivery (P ≤ 0.0005), lower maternal IQ (P ≤ 0.0005), lower gestational age (P = 0.007), and lower birth weight (P = 0.002). Of 873 children, 307 (35%) were born to mothers who were eligible for public health insurance, which was associated with the same maternal demographic and child neonatal factors as was low maternal education.
Between birth and the 10-year follow-up, the mothers of 199 children (23%) advanced in educational status, the large majority of whom shifted from having a high school degree or less to some college or secondary school education (n = 168) (see Table 1 ). Mothers who advanced in education were more likely to be non-white (P ≤ 0.0005), under 21 years of age (P ≤ 0.0005), married (P ≤ 0.0005), and eligible for public health insurance (P ≤ 0.0005) when their child was born than mothers who did not advance in education. The children of mothers who did and did not advance in education were similar in newborn characteristics (e.g., GA and fetal growth restriction).
Neurocognitive and Academic Achievement Test Scores by Maternal Education at Delivery
Box-and-whisker plots show the unadjusted medians and distributions of Z-scores for each test for each level of maternal education (Figure 1) . The distributions of scores of children of mothers who had ≤ 12 years or 412 but o16 years of education were shifted downward on all measures relative to children whose mother had ≥ 16 years. Children whose mother had ≥ 16 years of education had distributions of scores that were similar to the normative sample on several measures, including DAS-II verbal and nonverbal IQ, Oral and Written Language Scales receptive and expressive language, and all WIAT-III academic achievement tests, but had scores on measures of working memory and executive function, visual-perceptual skills, and fine motor function that were lower than normative expectation.
With adjustment for gestational age, birth weight Z-score, race, and maternal IQ, children whose mother had ≤ 12 years of education were significantly more likely than those whose mothers had ≥ 16 years of education to score 2 or more SDs below normative expectation on all tests except NEPSY-II Auditory Attention ( Table 2 and Figure 2 ). These associations 
were strongest for tests of verbal and nonverbal IQ, expressive language, inhibitory control, and mental flexibility (ORs from 2.5 to 3.6) as well as WIAT-III academic achievement measures (ORs from 3.2 to 3.9). Children of women with ≤ 12 years of education also were more likely to score between 1 and 2 SDs below expectation on the majority of tests, including measures of verbal and nonverbal IQ, receptive and expressive language, working memory, inhibition, and mental flexibility, and all WIAT-III academic achievement measures. Children whose mother had 412 but o16 years of education were also more likely than children of mothers who had ≥ 16 years of education to score 2 or more SDs below normative expectation on the majority of tests administered, including measures of verbal and nonverbal IQ, expressive language, and executive control, and all measures of academic achievement. This group of children was more likely to score between 1 and 2 SDs below population norms on five tests, two of executive function and three of reading and math achievement.
Adjusted ORs demonstrate a clear pattern of increasing likelihood of lower test scores in association with decreasing maternal education (Table 2 and Figure 2 ). This pattern was apparent for all tests with the exception of NEPSY-II Auditory Attention and Animal Sorting, both measures of executive function, and NEPSY-II Visuomotor Precision, a measure of fine motor control. Box-and-whisker plots show that the unadjusted medians and distributions of Z-scores for children of mothers eligible for public health insurance at delivery compared to children of mothers who were not (Supplementary Figure S1 online) were shifted downward on all measures. With adjustment for confounders (Supplementary Table S2 online), children born into low-income households showed a similar pattern of impairment as children of mothers with low educational attainment that were most pronounced on measures of verbal and nonverbal IQ, language, executive control, and academic achievement.
Maternal Educational Advancement and Children's Neurocognitive and Academic Achievement Tests Scores at Age 10 years
Children of mothers who advanced in education exhibited an overall tendency of reduced risk (ORs o1) of poor performance on almost all measures ( Table 2 ). The largest reductions of risk tended to be on the same measures on which children of mothers of lower educational status at birth performed least well, including verbal IQ, language ability, executive control, and academic achievement, particularly in math. However, the only measures for which reduced risk was statistically significant were of inhibitory control and processing speed.
DISCUSSION
Extremely preterm children born into lower SES families had consistently poorer neurocognitive and academic outcomes at age 10 years than children from higher SES families, with adjustments for gestational age, maternal IQ, and other possible confounders. The most pronounced and consistent associations of lower SES, as measured by maternal education, were with verbal reasoning, language ability, executive functions, and academic skills, similar to those reported for low SES term-born community samples (16, (29) (30) (31) (32) . Low household income at delivery (as measured by eligibility for public health, or Medicaid) also was associated with unfavorable neurocognitive outcomes. These findings are similar to those recently reported for smaller cohorts of adults born very preterm (10,11) but extend them in two ways. First, social disadvantage at birth has clear adverse effects, with adjustment for the severity of prematurity, on cognitive outcomes even among children born most preterm (i.e., at 23 to 27 weeks). Second, graded adverse effects of social disadvantage on neurocognitive and academic outcomes are already evident at school age in children born extremely preterm. Although other studies (8, 13) have detected evidence of graded associations between lower SES and poorer neurocognitive function as early as 5 years of age in children born very preterm, these associations were not adjusted for differences in gestational age. Articles | Joseph et al.
In addition, advancement in maternal education after delivery was associated with a reduced risk of unfavorable neurocognitive and academic outcomes, but for most outcomes this association was not statistically significant. Although in general population studies improvement in socioeconomic circumstances, most often measured by increases in household income, have been associated with better academic outcomes in middle childhood and beyond (33) , the effects of improvement in socioeconomic circumstances, to our knowledge, have not been investigated with regard to neurocognitive and academic ability in children born very preterm. It is notable that in our sample mothers who advanced in educational attainment were more likely to have indicators of social disadvantage at the time of delivery (younger, non-white, eligible for Medicaid), with the one exception that they were more likely to be married. Further study of such patterns of association may help us to understand more precisely how social-environmental influences operate to affect the neurocognitive development of children born very preterm. SES is a multidimensional construct that approximates an individual's overall position in society as related to education, occupation, and income. In this study, we used maternal education and, secondarily, eligibility for governmentprovided health care as indicators of SES. However, such indicators are widely recognized as proxies or markers for the myriad factors that actually mediate the effects of SES on a child's development. Adverse exposures and experiences associated with low SES include air pollution, tobacco smoke, household toxins, food insecurity, poor nutrition, inadequate parenting, and psychosocial stress related to social isolation, community violence, and racial discrimination (14) . Among the biological mechanisms hypothesized to mediate the effects of social adversity on developmental outcomes of preterm infants are epigenetic modifications of gene expression in the mother as well as the child, but these processes are only beginning to be explored (34, 35) .
Maternal education at the time of birth had a graded relationship with outcomes at age 10 years, with children whose mother had obtained some formal education beyond high school scoring intermediately between children whose mother had no formal education beyond high school and children whose mother had completed college. Thus, although we have focused on risk for poorer neurocognitive and academic outcomes, maternal education, as a proxy measure for SES, was also useful in identifying compensatory or protective factors, in that children born to mothers in the highest stratum of education obtained scores that were close to normative expectation on measures of IQ, language, and academic attainment (9) .
Our finding that socioeconomic disadvantage at birth sets children born extremely preterm on a trajectory of significantly increased risk for poorer neurocognitive and academic outcomes, has important research, policy, and clinical implications. Research on more proximal factors that explain the mechanisms through which SES-related exposures lead to poorer cognitive outcomes is needed to understand, intervene upon, and potentially modify the deleterious effects of social disadvantage on prenatal and postnatal development. Such research can inform clinical care and public health policy initiatives that will reduce the most damaging exposures related to low SES. Otherwise, given the significant risk that it confers, family social disadvantage is an important factor for health-care providers to consider carefully in following children born extremely preterm (36) .
Among the strengths of this study is the large sample size of prospectively followed extremely preterm infants and their families, and the diversity of their sociodemographic characteristics. In addition, we were able to assess associations between socioeconomic factors while adjusting for highquality estimates of gestational age and potential confounders such as fetal growth restriction and maternal IQ. As with all observational studies, we were limited in our ability to infer causation from association. Although there was a high degree of confluence among markers of socioeconomic disadvantage in our sample, our measures served only as proxies of a likely large array of pre-and postnatal environmental exposures that might mediate links between SES and neurocognitive outcomes of children born preterm. In addition, because this study did not include a term-born comparison group, we were unable to investigate whether socioecomic disadvantage might differentially affect outcomes of term-born and extremely preterm children. Finally, our findings may not apply to other countries that differ in the degree of socioeconomic disparity that exists in United States and in which differences in the availability of child care resources may moderate the effects of lower SES on children's neurocognitive outcomes.
In conclusion, among children born extremely preterm, socioeconomic disadvantage around the time of birth is associated with significantly poorer neurocognitive and academic outcomes at 10 years of age, independently of gestational age. Improvement in socioeconomic circumstances over the course of early childhood appears to have relatively limited effects on children's cognitive and academic outcomes.
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